Both rapid B-cell proliferation and programmed cell death (PCD) occur during the differentiation and selection of B cells within the germinal center. To help elucidate the role of Bclx in B-cell antigen selection and PCD within the germinal center, we examined its expression in defined B-cell populations and by immunochemistry of tonsil tissue. Purified Bcell fractions enriched for centrocytes express high amounts of Bel-x and relatively low amounts of Bcl-2, whereas fractions enriched for centroblasts lack significant levels of both proteins. Consistent with this observation, immunocyto-
B MATERIALS AND METHODS

Reagents
0 1996 by The American Society of Hematology. 5 ) was a gift from Dr Edward Clark (University of Washington, Seattle, WA). The IgD-fluorescein isothiocyanate (FITC) and CD20-FITC MoAbs were purchased from Becton Dickinson (Mountain View, CA). The CD38-phycoerythrin (PE) was purchased from AMAC (Westbrook, ME). The Bcl-x antiserum was prepared by immunizing rabbits with recombinant B~1 -x . '~ The biotinylated antirabbit and antimouse MoAbs and the horseradish peroxidase (HRP)-conjugated streptavidin were purchased from DAKO (Carpinteria, CA.). The goat antirabbit-FITC was purchased from Biosource International (Camarillo, CA).
B-cell preparation, cell culture, and cell lines. Human tonsil B cells were isolated as previously described.I6 These cell preparations were routinely greater than 98% CD20' as assessed by flow cytometry. Tonsil B cells were size fractionated via countercurrent elutriation.I6 RAMOS cells were obtained from American Type Culture Collection (Rockville, MD).
Intracytoplasmicjhorescence-activated cell sorting (FACS) analysis. Cells were stained with a polyclonal anti-Bcl-x antiserum and analyzed essentially as previously described.".'* In brief, cells were first stained for 30 minutes with CD38 conjugated to PE, washed once with FACS buffer (phosphate-buffered saline [PBS]/ 1% fetal calf serum [FCS] ), and fixed with a 1:l 4% paraformaldehydeflysing solution (Becton Dickinson). After two washes with PBS/O.S% Tween 20, the cells were preincubated with heat-inactivated human serum for 10 minutes and then stained for Bcl-x using the Bcl-x antisera and a goat antirabbit Ig conjugated to FITC. Single-and double-stained cells were analyzed on a FACSCAN (Becton Dickinson).
RNA isolation and reverse transcriptase-polymerase chain reaction (RT-PCR). Briefly, total RNA was isolated using a standard guanidine thiocyanate method. RT-PCR was performed as described. 16 Two micrograms of total RNA was reverse transcribed at 42°C for 1 hour using random primers (Promega, Madison, WI) and avian myeloblastosis virus reverse transcriptase (Boehringer Mannheim, Indianapolis, IN). One tenth of the total cDNA was used for of the bcl-x cDNA. The appropriate sized fragments of 800 bp (bclxL ) and 600 bp (bcl-xs) were generated. Immunohistochemistry. Paraffin-embedded tonsil sections were mounted on silanized slides. The slides were incubated in PBS for 5 minutes followed by boiling in 6 m o m urea for 8 minutes, were allowed to cool, and were blocked with PBShabbit serum (5: 1) for 20 minutes. The slides were then incubated with the Bcl-x antisera at 150 in PBS for 20 minutes. After washing, the slides were incubated with biotinylated swine antirabbit antibody (DAKO) at 1:100 for 20 minutes, washed, and incubated with avidin-biotin complex (DAKO) for 20 minutes. The slides were developed with New Fuchsin substrate-chromagen solution (DAKO), washed, and counter stained with Gill #l Hematoxylin solution (Sigma. St Louis, MO).
RESULTS AND DISCUSSION
Rapidly proliferating centroblasts migrate from the dark zone of the germinal center into the light zone region, where The mechanism by which these survival signals rescue B cells from PCD remains unclear. Although many of the candidate rescue signals induce bcl-2 expression in germinal center B cells, previous immunocytochemistry studies with Bcl-2 antisera localized Bcl-2 predominantly in the mantle zone and not in the germinal center region where rescue occurs.z6 However, arecent immunohistochemistry study detected Bcl-x expression in a spectrum of tissues, including the germinal center region in tonsil ti~sue.2~ Our immunohistochemistry experiments confirmed this result. We used a polyclonal rabbit antiserum raised to recombinant Bcl-x and, in addition, an antigen recovery method to enhance the signal and visualize Bcl-x in sections of tonsil tissue (Fig 1) . Numerous Bcl-x-positive cells were seen throughout the germinal center region, whereas only a few Bcl-x-positive cells were noted in the mantle zone region. Based on these studies, Bcl-x becomes a potential candidate for rescuing germinal 
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-Bcl-X ation allows the separation of a large number of B cells into distinct fractions that are enriched for cells of different phenotypes. We analyzed equivalent amounts of cellular extracts from the different fractions by immunoblotting with an antiserum specific for Bcl-x (Fig 2A) or an MoAb specific for Bcl-2 ( Fig 2B) . Consistent with the known distribution of Bcl-2 within the lymphoid tissue, Bcl-2 predominated in the fx.1 cells (Fig 2B, lane 1) and rapidly declined in the fractions enriched for either centrocytes (fx.2 and fx.3) or centroblasts (fx.4; Fig 2B, lanes 2 through 4) . Similar to Bcl-2, Bcl-x expression in the enriched centroblast fraction was low (Fig 2A, lane 4) . In contrast, Bcl-x expression in the enriched centrocyte fx. was high, exceeding its level in the fx. 1 cells (Fig 2A. lanes 2 and 3) . The Bcl-xL isoform predominated in all of the fractions, and we did not detect significant levels of Bcl-x,. A small amount of Bcl-xB was seen in fx.3 cells (Fig 2A, lane 3) . Because the fraction enriched for centrocytes likely contains cells either selected for survival or destined to die via PCD, we would expect a heterogenous expression of Bcl-x within the population. This assumption is consistent with the immunocytochemistry studies that showed a heterogenous distribution of weakly and strongly Bcl-x-positive cells.
Thus, before their entrance into the germinal center, B cells likely express Bcl-2 and perhaps some Bcl-x; however, after their entrance into the dark zone during their phase of rapid proliferation, Bcl-2 and Bcl-x levels are low. Within the dark zone, their active progression through the cell cycle may protect them from PCD; however, once the centroblasts leave the dark zone and cease proliferating, they likely become sensitive to apoptotic signals and, unless rescued, die via PCD. 
p -P-Actin
In previous in vitro experiments, engagement of CD40 or engagement of the antigen receptor on germinal center B cells rescued them from apoptosis.'x." CD40/CD40L interaction induced hcl-2 expression in cultured germinal center B cells; however, hcl-2 did not reach significant levels over controls until 2 days of culture, suggesting that initial suppression of PCD was independent of hcl-2 induction..'" Recent studies have implicated Bcl-xL in CD40-mediated rescue in the murine pre-B-cell line WEHI-23 I , which is consistent with Bcl-x gene targeting data suggesting that it plays a critical role in early B-cell development.".3' To determine if CD40 engagement induced Bcl-x expression in normal mature B lymphocytes, we stimulated human tonsil B cells with a CD40 MoAb for various durations, prepared cellular lysates, and immunoblotted with Bcl-x-specific antisera. Within 6 hours of stimulation, we noted a clear increase in Bcl-x levels that persisted for 24 hours (Fig 3,  lanes 1 through 4) .
Because of the difficulties in obtaining sufficient numbers of B-cell blasts to study Bcl-x expression after CD40 engagement by immunoblotting, we first examined bcl-x mRNA expression in B-cell blasts stimulated with CD40 by RT-PCR. By choosing PCR primers that spanned the splice site that generates the short versus the long form of bcl-x, we could assess the relative levels of mRNA for the short and long isoforms. In a first experiment, we stimulated unfractionated tonsil B cells with various stimuli overnight. The cells were harvested, RNA was extracted, cDNA was prepared using random hexamers, and PCR was performed using specific primers for P-actin or hcl-x. Staphylococcus aureus Cowan (SAC) plus phorbol myristate acetate (PMA) induced a modest increase in bcl-x mRNA (Fig 4A, lane 2) . CD40 alone induced a significant increase in bcl-x mRNA levels ( Fig 4A, lane 3) . The addition of IL-2 to CD40 did not appreciably alter the amount of hcl-x mRNA detected, although we observed a small increase with the addition of IL-4 ( Fig 4A, lanes 4 and 5) . The hcl-x,. mRNA predominated, and the relative ratio of the long to short form re- , which are known to spontaneously apoptose in culture in the absence of exogenous stimuli, were cultured in the presence of CD40 and IL-2 for 24 hours or in media alone. Some cells were removed 6 hours after stimulation for RNA preparation and RT-PCR for bcl-x mRNA levels. As expected, in the absence of CD40 and IL-2, most of the B-cell blasts died by 24 hours of culture (90% trypan blue positive), whereas in the presence of CD40 plus IL-2, the majority of the cells remained viable. Six hours after initiation of the culture, levels of bcl-x mRNA were unchanged in the untreated Bcell blasts (Fig 4B, lane 2) , whereas the CD40 plus IL-2-treated cells already contained significantly elevated levels of bcl-x mRNA (Fig 4B, lane 3) .
To verify these results, we examined unfractionated tonsil B cells simultaneously for CD38 and Bcl-x expression by flow cytometry. Before culture, the CD38' cells contained both Bcl-x-positive and Bcl-x-negative cells. Simply placing the cells in culture resulted in a loss of CD38' cells and a reduction in Bcl-x levels. In contrast, consistent with the RT-PCR results, we observed a substantial upregulation of Bcl-x and a maintenance of the CD38' B cells after overnight stimulation with the CD40 MoAb (Fig 5) . Consistent with previous studies, similar experiments with Bcl-2 revealed increased expression only after 24 hours of CD40 stimulation (data not shown).
To further confirm that Bcl-x mediates CD40-dependent cell survival in germinal center B cells, we examined Bcl-x levels in the cell line RAMOS, a Burkitt lymphoma cell line with a germinal center phen0type.j.' These cells are surface IgM positive and are known to undergo apoptosis upon slg receptor cross-linking. Simultaneous exposure to anti-CD40 partially rescued the cells from anti-IgM-induced apoptosis (72% viability after 24 hours v 40% viability in the absence of anti-CD40; Fig 6, lanes 4 and 7, respectively) . Bcl-x levels decreased substantially in the cells cultured with anti-IgM in the absence of anti-CD40, whereas the presence of CD40 maintained Bcl-x levels (Fig 6, upper panel) . In contrast, Bcl-2 levels did not vary significantly over the time period examined in the presence or absence of CD40 stimulation (Fig 6, lower panel) . Together, these results suggest that Bcl-x is the initial cell survival signal for centrocytes undergoing selection in the germinal center. Whereas Bcl-2 may also rescue germinal center B cells and promote development of memory B cells as observed in bcl-2 transgenic mice,' this may not be its physiologic role. Gene targeting experiments have already provided evidence of fundamental differences in the physiologic functions of these two proteins. Bcl-x-deficient mice have a marked defect in B-cell development, whereas no such defect is evident in the Bcl-2-deficient animals." The bcl-2 null mice undergo a massive collapse of their immune system approximately 6 weeks after birth, suggesting that Bcl-2 acts as a survival signal for unstimulated lymphocytes."J.3s Although the phenotypes of these mice are fascinating, neither of these experiments addresses the relative importance of Bcl-x and Bcl-2 in the selection of germinal center B cells for survival. A formal test of their relative importance in germinal center selection will be difficult, perhaps requiring a targeted deletion of bcl-x only in mature B cells. In conclusion, based on its localization in those cells expected to be undergoing selection in the germinal center and its ready induction by survival signals, Bcl-x rather than Bcl-2 likely rescues centrocytes during thymus-dependent immune responses.
